This paper investigates phenomena related to water condensation behavior inside a polymer electrolyte membrane fuel cell (PEMFC), and analyzes the effects of liquid water and gas flow on the performance of the fuel cell. A method for simultaneous measurements of the local current density across the reaction area and direct observation of the phenomena in the cell are developed. Experimental results comparing separator types indicate the effect of shortcut flow in the gas diffusion layer (GDL) under the land areas of serpentine separators, -2 -and also show the potential of straight channel separators to achieve a relatively-uniform current density distribution. To evaluate shortcut flows under the land areas of serpentine separators, a simple circuit model of the gas flow is presented. The analysis shows that slight variations in oxygen concentration caused by the shortcut flows under the land areas affect the local and overall current density distributions. It is also shown that the establishment of gas paths under the water in channels filled with condensed water is effective for stable operation at low flow rates of air in the straight channels.
Introduction
Management of the water and gas flow is essential to realize uniform current densities across the reaction areas and to maintain high performance of polymer electrolyte membrane fuel cells (PEMFCs). The membrane needs to be fully hydrated to maintain high proton conductivity, but excess amounts of water condensed in the gas diffusion layers (GDLs) and gas flow channels impede the supply of reactants to the electrodes under high current density and low air flow rate conditions. Excess water causes mass transport limitations and deteriorates the cell performance, and the objective of this paper is to evaluate the effects of gas and liquid water flows inside PEMFCs. -3 - Because experimental diagnostics, such as visualization of the water production behavior and measurement of the current density distribution, help develop a fundamental understanding PEMFC dynamics and provide benchmark-quality data for CFCD model validation, a number of studies on the diagnostics have been conducted, and an overview was provided on two-phase visualization, current distribution, high-frequency resistance distribution, mass distribution and temperature distribution [1] . The water production behavior in the cathode separator channel has been investigated using transparent fuel cells, and the relation between liquid water behavior and the cell performance was demonstrated [2, 3] .
Liquid water removal from gas channels has also been characterized in detail [4] . The effects of the distribution of the produced water and the gas composition on the cell performance were discussed using the measured results of the current density distribution [5, 6] . For the relationships among the local phenomena, the distribution of pure ohmic cell resistance, the diffusivity of the electrodes and the free gas volume of the cell have been measured using the galvanostatic discharge of a fuel cell [7] . The simultaneous measurements of species concentration and current density distributions were conducted using a segmented cell [8] , and the experimental approach using these distributions to measuring the spatially resolved water crossover coefficient was reported [9] . The authors here observed phenomena related to water production behavior inside a cell and analyzed the effects on the current and temperature distributions across the reaction area [10] . Other relationships between the local humidity and current distribution [11] , and between the local cell impedance and current density [12] have also been investigated. However, to elucidate further details of the effect and mechanism of -4 - local phenomena on the cell performance, wide ranging research with different experiments is necessary.
A fuel cell allowing direct observation of phenomena in the cell and measurements of the local current density and pressure drop distribution, with the help of windows in the cathode plate was developed, and the water production behavior on the surface of the GDL was observed through the open channels of the metal separator. The current density distribution was measured with insulated pins placed at 25 points in the anode separator, and measurements of the pressure drop distribution used an acrylic window with 15 holes along one channel of a serpentine separator.
The effect of the separator type on the cell performance was investigated using separators with straight and serpentine channels. The experimental results indicate a cell performance effect of shortcut flows in the GDL under the land areas (in the following termed lands) of serpentine separators. The results showed the potential of the straight channel separator to achieve a relatively-uniform current density distribution if the condensed water can be removed efficiently. The former, shortcut flows in a serpentine channel system, was also examined by 3-dimensional numerical simulation [13] ; this study developed a simple circuit model of gas flow to evaluate shortcut flows under the lands of serpentine separators, and its validity was confirmed by measurements of the pressure drop distribution. Using this circuit model, the effect of shortcut flows in separator channels on the measured current density distribution was elucidated. Additionally, a unique phenomenon observed here [10] was investigated, suggesting a clue to methods for removing condensed water and supplying reactant gas efficiently to the membrane electrode assembly (MEA) in a straight channel cell.
- 5 - In the flooded condition the cell voltage decreased gradually, followed by a sudden increase in voltage, and it was possible to operate the cell even when the cathode channel was filled with liquid water. The gas and liquid water behavior in the above phenomenon is discussed, and the effectiveness of applying the insight learned through this phenomenon was confirmed with stable air supply operation at low stoichiometric oxygen ratios.
Experimental apparatus and method
Experiments were conducted with two single cells, Cell I and Cell II, the two cells have similar structures each with an active area of 100 cm 2 . The details of Cell I are in Reference
[10]; Cell II includes improvements to Cell I realizing uniform clamping pressure across the reaction area, better cooling performance, and a larger observation area. An outline of the improved Cell II is shown in Fig. 1 . A separator with straight channels was used on the anode side, and separators with straight or serpentine channels, as shown in Fig. 4 or 5, were used on the cathode side. The width of the channels and lands of both cathode separators were 2.0 mm.
The cathode separators have open channels through which the GDL surfaces can be observed.
The cathode separators were made of copper overlaid with gold, and the collected current was transmitted through the lands to the end metal-plates on both sides. The thickness of the separator, which corresponds to the channel height, was 0.5 mm, and the electric resistance in a plate with this structure was calculated to be adequately low. Further, 0.3 mm thick carbon papers were used for the GDLs; the cell was held together uniformly by 16 mm thick -6 - end-plates at a clamping pressure of 1.2 MPa; and a 16 mm thick glass window was used for the direct observations. The current density distribution was measured with 25 pins placed in the anode separator, the pin diameter was 5.5 mm, and the pins were electrically insulated as illustrated in Fig. 1 (bottom left). The surface of the separator was machined with the pins in place to create a flat surface of the assembly, and each pin was connected to a shunt resistance of 0.1 Ω for the current measurements. To compensate for contact resistance variations among the pins and to ensure uniform resistance over the whole area, calibration was made with a variable resistance connected to each shunt resistance as will be explained below. Additionally, a thin carbon cloth was placed over the GDL paper on the anode side to minimize variations in the contact resistance among pins.
In the experiments, the cell was set vertically as in Fig. 1 , and placed in a thermostatic chamber. The cell temperature was kept constant by a water-cooled plate placed on the anode side without blocking the direct view. The experiments were conducted with pure hydrogen as the anode gas, and air (oxygen 21 %, nitrogen 79 %) or pure oxygen as the cathode gas. The outlet for the cathode gas was open to the chamber to avoid water plugging. The total pressure drop in the cathode gas flow was measured at the inlet connector of the cell, and the pressure drop distributions were measured with an acrylic window with 15 holes of 0.3 mm diameter along a single serpentine channel, as shown in Fig. 1 (bottom right) . The cell resistance was measured by an alternating impedance meter at the impedance of 1 kHz, and the cell voltage, impedance, pressure drop, and current densities (actual voltage at the shunt resistance) were recorded on a computer at 4 second intervals. -7 - At the start of the experiments, the overall cell resistance was set to a constant value by purging with dry nitrogen, and the variable resistance was adjusted to obtain a uniform current density distribution of 0.05 A cm -2 at a sufficient gas flow rate condition, where the current density was assumed to be uniform without an excess water production effect. Then, the overall cell resistance was set to the constant value by again purging with dry gases. With this procedure the initial condition provided good reproducibility in the current measurements.
Experiments were started with various overall current densities, gas flow rates, and humidity conditions. Corrected current density distributions were used for the detailed analysis, here the current density differences between the average value for the 25 pins and the value at 0.05 A cm -2 were measured just after the start. The measured current differences at each point were then used to correct the measured current density as a ratio of the average current value during operation. This correction reduced measurement errors due to the slight resistance variations among pins which cannot be completely adjusted at low current densities.
Results and discussion

Liquid water behavior and current density distribution in straight and serpentine channels
The characteristics of the water production behavior, current density distribution, and cell performance in the straight and serpentine channel separators were investigated using Cell I.
The overall current density was 0.4 A cm -2 and the flow rate of the cathode air was varied at -8 -three different stoichiometric ratios. Pure hydrogen was supplied to the anode side at the stoichiometric ratio of 1.3. The humidity of both gases were set at the saturation temperature for 40 °C, with the cell temperature at 50 °C.
Figs. 2 and 3 show the cell voltage and pressure drop changes after the start of the power generation in the straight and serpentine separators. As the experiments progress, the pressure drops increase and the cell voltage decreases gradually in all experiments with both separators.
The rate of the voltage drop is faster at the lower stoichiometric ratio, i.e. the smaller flow rate.
At the lowest stoichiometric ratio, 1.4, the cell voltage drops significantly and operation could not be continued after around 2000 seconds with the straight separator, while the cell voltage was maintained at a stable level in the serpentine separator. These results confirm that the serpentine channel separator can be operated at the lower stoichiometric ratio.
Figs. 4 and 5 are direct views of the cathode channel and the current density distribution at two different times after the start of operation at the air stoichiometric ratio of 2.0 in the straight and serpentine separators. At this stoichiometric ratio, the cell voltage is similar for the two separators. After some time, liquid water droplets were observed in the channels in the downstream area, and the amount of condensed water in the serpentine channel was smaller than that in the straight channel as the drainage of liquid water from the serpentine channel is superior with the faster flow velocity of the gas. This better drainage makes it possible to operate at lower stoichiometric ratios with the serpentine channels.
Comparing the current density distributions (right half of Fig.4 and Fig.5 ), it is clear that the current density in the serpentine channel decreases on the down stream side (bottom in Fig.   5 ) at 300 seconds when little condensed water has appeared, and the current density -9 -distribution increases at 2900 seconds. Despite less condensed water in the channel, the lack of uniformity in the current density distribution is more pronounced than in the straight channel. This is estimated to be caused by a lack of uniformity in the gas flow in the serpentine channel. The pressure drop is high in the serpentine channel, and shortcuts for gas flow through the GDL below the separator lands may form. Such shortcut paths in the GDL give rise to areas where the gas supply is insufficient, inducing the larger current density variation, as will be discussed later. Thus, the serpentine channel has the characteristics that the current density distribution easily becomes large even if no condensed water has been generated in the channel. The straight channel results suggest a potential to achieve a relatively-uniform current density distribution if the condensed water can be removed efficiently.
Gas flow in GDL under the lands of the serpentine separator and its effect on the current density distribution
To evaluate shortcut flows through the GDL under the serpentine separator lands between the channels, a simple circuit model of the gas flow was developed. This model is composed of 24 areas of resistance to the gas-flow along the channel including the flow in the GDL, K 1 to K 24 , and 16 areas of resistance to the gas-flow through the GDL under the land, K 25 to K 37 , as suggested in Fig. 6 . The modeled channel is representative for a channel with an average property of 5 parallel channels of a serpentine separator, and with Q as the flow rate. The parameters used in the circuit model are summarized in Table 1 . The resistance in a channel, k C , was calculated by the equation for a laminar tube flow with rectangular cross-section, and the resistance in a 4 mm wide GDL, k G , was estimated from the measured gas-flow resistance through the GDL using Cell II without channels, where 4.0 mm is the average GDL width for both gas-flows through channels and under the lands. The effect of the bends in the channel on the gas-flow resistance was measured using Cell II without GDL, and the correction factor at a bend in the channel in Table 1 expresses the ratio of the equivalent to the actual distances of the channel. The resistance of the gas-flow through the channel with GDL, k CG , was calculated from k C and k G by the parallel relationship, 1 calculations, the resistance, k G , and the shortcut distance of 10 mm were used.
To validate the simple circuit model of the gas flow, measurements of the pressure drop distribution were conducted using separators with 0.5 mm and 0.3 mm deep channels using Cell II. Fig. 7 shows the experimental and simulated pressure drop changes along the channel with and without GDL. Here, the abscissa is the equivalent position along the channel from the inlet including the influence of the bends. The air flow rate is 1018 cc min MPa in Table 1 was estimated from the measured total pressure drop. by the shortcut flows, and the overall gradient is also steeper. The estimated oxygen concentration shows change similar to the current density, the oxygen concentration calculated from the flow rate distribution by the circuit model assumed the rate of oxygen consumption to be equivalent to the average power generation. Fig. 10 shows the variations in the measured current density and the estimated oxygen concentrations from the average rates of decrease in current density and oxygen concentration at the clamping pressure of 0.6 MPa.
These variations are similar to those of the current density and the oxygen concentration decreases at the middle parts of the straight channel segments. It may be postulated that these slight variations in oxygen concentration affect the local and overall current density distributions. The analysis was conducted at the condition where the effect of condensed water is negligible because it is difficult to estimate the gas-flow resistance under flooded conditions. Generally, the flooding increases the gas-flow resistance through channels, and the effect of shortcut flows on the cell performance can be anticipated to increase under flooded conditions.
Gas flow under channels filled with condensed water in the straight channels
The experimental results in the previous section compared separator types and indicated the possibility that straight channel cells can be operated with a relatively-uniform current density distribution, if the condensed water is removed efficiently. A unique phenomenon reported by the authors [10] was investigated as a method to remove condensed water and to supply reactant gas efficiently to the MEA.
-13 - . Pure hydrogen was supplied at the stoichiometric ratio of 1.3 and the oxygen at ratios of 2.5, 3.3, and 5.0. The humidity of both gases were set at the saturation temperature for 40 °C with the cell temperature itself at 50 °C. These conditions easily cause flooding because the flow rate of the cathode oxygen is about one-fifth that of a cathode air flow at the same stoichiometric ratio. Fig. 12 is a direct view of the cathode channel and the current density distribution at two different times after the start of operation at the oxygen stoichiometric ratio of 2.5. The current densities were detected by the 25 pins without correction using the initial current distribution at 0.05 A cm -1 and they became higher than the overall density value, but it is still possible to discuss the changes in the current density distribution.
At 1100 seconds in Fig. 12 , the channel paths are filled with liquid water from the downstream (right-hand) side and there is only a small region with the gas phase (white area enclosed with a dashed line). The other parts are filled by liquid water which appears as dark in the picture. During the operation the cell voltage at the oxygen stoichiometric ratio of 2.5 gradually decreases as in Fig. 11 and the current density distribution becomes larger, the cell appearing as in Fig. 12 . After 1100 seconds, the gas phase pushes out the liquid water and the region filled with gas expands from the left. With this change, the area with high current density increases around the gas phase region, and the cell voltage increases abruptly as shown in Fig. 11 . At 1700 seconds, the current distribution becomes uniform even though the region of the channel filled with condensed water remains, as shown in Fig. 12 , and similar -14 -phenomena were also observed at the other stoichiometric ratios. The cell voltage-drop starts earlier at the smaller ratios, the smaller flow rates, then the pressure drop increases after the cell voltage recovers, as a part of the liquid water is pushed out from the channels. The cell voltage stabilizes at a relatively high level, when the pressure drop becomes high, and the pressure variation also becomes larger at this stage. The final voltage, after the recovery, is higher for the smaller gas flow rates.
From the water behavior in the cathode channel, the changes in the cell voltage, and the pressure drop, the phenomena inside the GDL were hypothesized to be as illustrated in Fig. 13 .
In the early stage of operation (I), the produced water flows out to the channel though the relatively wide paths in the GDL, and accumulates at the surface of the GDL. Because of the hydrophilic properties of the glass window and metal separator, liquid water also spreads on the window and the separator surface. The volume of condensed water at the surface and maybe inside the GDL gradually increases, and the cell voltage drops correspondingly. At this stage there is still adequate space in the channel to allow gas flow and maintain an almost even pressure drop (phase I in the figure) . Then a slight increase in the pressure drop pushes the liquid water in the channel to form water films along the window, and the liquid water is pulled from the surface and the inside of the GDL to the films, establishing gas paths under the liquid water on the window (phase II). This situation is further reinforced with a number of gas paths to the reaction area of the MEA, resulting in a stabilized satisfactory performance with a large pressure drop. Overall, this results in the sudden increase in the cell voltage (Fig,   11) . Additionally, the effect where liquid water on the window attracts water from the GDL may play an important role in improving and stabilizing the cell performance. When the gas -15 -flow rate is very high, no liquid water can accumulate in the channel, and only thin liquid water layers form along the window. This results in a lower pressure drop with the higher stoichiometric ratios, and the state becomes similar to phase I in Fig. 13 , and would explain the cell voltage difference in Fig. 11 . The above hypothesis for the process of the phenomena explains the changes in the cell voltage as well as the pressure drops well. Here, it must be noted that the process of the establishment of the gas-paths under the channels filled with condensed water is considered to be caused by the hydrophilic properties of the separator and the hydrophobic properties of the GDL.
This hypothesis suggests that the formation of a liquid layer in the vicinity of the channel surface is advantageous at flooded conditions, and such considerations were applied to realize stable air operation with low stoichiometric ratios. A condition where it is not possible to maintain operation with air was set with Cell I with a straight separator, the overall current density was 0.1 A cm -2 and the air flow rate of the cathode gas was at a stoichiometric ratio of 2.5; pure hydrogen was supplied to the anode side at the stoichiometric ratio of 1.3. The humidity of both gases were set at the saturation temperature for 40 °C, with the cell temperature at 50 °C. Fig. 14 shows the cell voltage and pressure drop changes for the case with first O 2 then air operation. To establish gas paths under the channels filled with condensed water, the operation with oxygen as the cathode gas took place at the same flow rate as with air, before the air operation. The overall current density was 0.5 A cm -2 and the oxygen flow rate of the cathode gas was at a stoichiometric ratio of 2.5. Similar phenomena as in the previous oxygen operation were observed before about 2300 seconds. Then the overall current density decreased to 0.1 A cm -2 and the cathode gas was changed to air at the stoichiometric ratio of 2.5, which gives the same flow rate as with oxygen operation. This flow rate can maintain a channel filled with condensed water, and stable operation with air was continued for more than an hour, as shown in Fig. 14 . realizes stable operation at a stoichiometric ratio of 2. These results suggest that the establishment of gas paths under channels filled with condensed water is effective for operation with low flow rates of air. The hypothesized process, however, must be evaluated by further investigation.
Conclusions
Using a fuel cell allowing direct observation of the phenomena in the cell as well as measurements of the local current density on the anode side and the local pressure drop in the cathode channel, the relationships among the local phenomena in two types of separators were investigated. The major conclusions may be summarized as follows:
-17 -1. Compared with a straight channel, the serpentine channel has better drainage of condensed water and operation at lower stoichiometric ratios with cathode air supply is possible. However, the serpentine channel has the characteristic that the variation in the current density easily becomes large because of shortcut flows through the GDL under the land areas even if condensed water is not accumulated in the channel.
2. The straight channel has the potential to achieve a relatively-uniform current density distribution when the condensed water is removed efficiently. One method of removing condensed water and supplying reactant gas efficiently to the MEA is presented, as described in conclusion 5 below. 5. In the straight channel, the establishment of gas paths under channels filled with condensed water is hypothesized to explain the unique experimentally determined changes in the cell voltage, water coverage in the channels, and pressure drops in the gas flow. It was also confirmed that the formation of the paths under condensed water is effective to allow low flow rate operation with air. The condition corresponds to with the GDL in Fig. 7 for the two channel heights, h. 
